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surveys of M dwarf stars and active binaries, low-FIP elements
are under-abundant relative to high-FIP elements, e.g., O, Ne,
and Ar (e.g., Brinkman et al.2001; Argirof� et al. 2005;
Robrade & Schmitt2005, 2006; Telleschi et al.2005; Wood &
Linsky 2006; Liefke et al.2008; Wood et al.2012). Wood &
Linsky (2010) � rmly established the dependence of the(I)FIP
effects on F to K spectral type stars with X-ray luminosity
< 1029erg sŠ1. The solar FIP effect decreases from G to early
K-type stars and becomes zero at� K5 then reverses to the IFIP
effect for later K stars and M dwarfs. Wood et al.(2018)
extended the FIP bias-spectral type relationship to include stars
of earlier spectral types A and F. It is worth noting that the
observed composition of stellar coronae can be more complex
than having either a straightforward FIP or IFIP effect. For
example, Peretz et al.(2015) found that all elements were
consistently depleted in the coronae of six main-sequence stars
of spectral type F7–K1 compared to their respective photo-
spheres, whether compared to solar abundances or the
individual stellar abundances.

Surveys of plasma composition in solar� ares show notable
variability in elemental abundances. Warren(2014) measured
absolute abundances for 21 M9.3 to X6.9 class� ares using
SDO/ EVE spectra. The mean FIP bias in their sample is close
to photospheric composition, which is consistent with the
earlier results of Veck & Parkinson(1981), Feldman & Widing
(1990), McKenzie & Feldman(1992), and more recently with
Del Zanna & Woods(2013). However, in large samples of
solar� ares observed by multiple instruments, low-FIP element
abundances are enhanced by a factor of� 2–3, depending on
the emission lines and instruments used to determine the FIP
bias, the atomic data used at the time of the measurements, and
temperature effects(e.g., Doschek et al.1985; Sterling et al.
1993; Bentley et al.1997; Fludra & Schmelz1999; Phillips &
Dennis 2012; Dennis et al.2015; Sylwester et al.2015).
Spatially resolved� are observations fromHinode/ EIS provide
clues to understanding the abundance variability observed in
solar� ares. Doschek et al.(2018) show that the FIP bias varies
from coronal composition in the post-� are loops to photo-
spheric composition in the loop footpoints for an X8.3� are and
Warren et al.(2018) � nd coronal abundances in the current
sheet of the same limb� are. At least for the solar case, it is
possible that the spatially unresolved observations(e.g.,
Warren2014) show little FIP effect in� ares because photo-
spheric abundances are dominant and the coronal composition
of speci� c features such as post-� are loops is only evident in
spatially resolved images.

Studies of abundance changes in stellar� ares have been
mainly limited to large� ares on active stars, i.e., to stars with
IFIP composition. Using high-resolution X-ray spectroscopy,
Nordon & Behar(2007, 2008) analyzed abundance variations
during 14 large� ares observed by theXMM-Newton and
Chandraobservatories. In 7 of 14� ares, they found a trend of
enhanced low-FIP elements tending toward photospheric
composition during the� ares for stars with IFIP-biased
quiescent coronae. The opposite trend was observed in two
stars with FIP bias dominated plasma comprising their coronae
and� ve stars showed no effect during� aring. Their results are
consistent with case studies of solar-like stars(e.g., Testa et al.
2007), active M dwarf EV Lac(Laming & Hwang 2009),
active M dwarf CN Leo(Liefke et al. 2010), and RS CVn
binary stars(e.g., Güdel et al.1999; Audard et al.2001, 2003).
Indeed, our knowledge is presently limited for� ares in stars

because of the dif� culties in determining abundance variations
in stellar coronae; see the extensive discussion in Testa(2010).

Any theoretical framework for a fractionation mechanism
must be able to account for all of the solar and stellar
observations including the IFIP effect. Early models based on,
for example, thermal diffusion and Coulomb drag could
reproduce some observational aspects of the FIP effect but not
those of the IFIP effect(Laming 2015, and references therein).
To date, only the ponderomotive force model is able to produce
IFIP composition. The Laming model invokes the ponderomo-
tive force acting only on ions to separate ions from neutrals in
the chromosphere of the Sun and other stars(Lam-
ing 2012, 2015, 2017). Fractionation takes place in the
chromosphere at temperatures where low-FIP elements are
mainly ionized, but high-FIP elements remain neutral. The
ponderomotive force arises as Alfvén waves re� ect from or
refract at the high density gradient in the chromosphere of the
Sun. Alfvén waves originating in the corona cause FIP
fractionation at the chromospheric level at loop footpoints,
which are magnetically connected to reconnection sites of� ares
or nano� ares (Laming 2017). Conversely, upwardly directed
photospheric acoustic waves may mode convert to fast mode
waves as the plasma transitions fromβ> 1 to β< 1, where
plasmaβ is the ratio of plasma pressure and magnetic pressure.
The IFIP effect arises as these new fast mode waves refract in the
chromosphere back down again, producing a downward-directed
ponderomotive acceleration(Laming2015).

Recently, Doschek et al.(2015) reported the� rst observa-
tions of the IFIP effect on the Sun. Highly localized regions of
IFIP were captured byHinode/ EIS (Culhane et al.2007) near
large sunspots during� ares(Doschek et al.2015; Doschek &
Warren2016, 2017). In the most extreme case, the IFIP effect
locally exceeded that of the integrated value of M dwarf stars of
spectral type� M5 at the extreme end of the FIP bias-spectral
type relationship of Wood & Linsky(2010), Laming (2015),
and Wood et al.(2018).

In this paper, we present a detailed spectroscopic study of the
evolution of plasma composition in the very active AR 11429.
We � nd that patches of IFIP bias plasma appear and disappear
within the FIP bias dominated composition of the AR during a
con� ned � are, while IFIP bias plasma was not observed in
another con� ned � are nine hours later. We discuss how the
relatively rare magnetic� eld con� guration of the AR and its
evolution relate to the spatial locations and temporal evolution
of IFIP patches and we consider whether� aring plays a role in
creating the anomalous plasma composition or simply reveals
the already present IFIP plasma.

2. Overview of AR 11429

2.1. Coronal Activity

AR 11429 appeared at the NE limb on 2012 March 3.
During its disk transit, AR 11429 was the source region of 3
X-class, 14 M-class, 32 C-class� ares, and 4 coronal mass
ejections(CMEs), making it one of the most� are and CME
productive ARs of Solar Cycle 24. The high activity level and
rare magnetic� eld con� guration have inspired a large number
of studies of the AR(e.g., Petrie2012; Donea & Hanson2013;
Chintzoglou et al.2015; Sun et al.2015; Patsourakos et al.
2016; Syntelis et al.2016; Polito et al.2017). In this study, we
focus on two con� ned M-class� ares observed byHinode/ EIS
on March 6. They are identi� ed as FL1 and FL2 in theGOES
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1–8Å X-ray � ux curve in Figure1. The � rst � are starts at
12:23 UT, peaks at 12:37 UT, and decays to background� ux
levels by� 13:45 UT and the second� are begins at 21:04 UT,
peaks at 21:12 UT, and quickly decays by� 21:25 UT. FL1
and FL2� are classi� cations are M2.2 and M1.4, respectively.

2.2. Coronal Evolution

The pre� are coronal con� guration of AR 11429 was a highly
sheared structure. The hot-channel passbands, e.g., 94Å and
131Å of the SDO’s Atmospheric Imaging Assembly(AIA;
Lemen et al.2012) have sheared bright loops evident on March
5. One day later, the bright sheared loop system has evolved
into a highly twisted“corkscrew” on its NE end at the
beginning of the rise phase of� are FL1. Figure1 (bottom
panel) shows a frame from its animation at 12:39 UT on March
6 in which the“corkscrew” feature is prominent in each of the
SDO/ AIA passbands(1600, 171, and 94Å). Figure 1’s
animation spans from 11:44 UT to 22:29 UT, covering both

con� ned� ares at a cadence of 45 s but the cadence is 5 minutes
from 14:00 UT to 20:15 UT.

Syntelis et al.(2016) conducted a spectroscopic analysis of
the pre-eruptive con� guration of AR 11429 prior to the
eruption of two CMEs that occurred early on 2012 March 7.
Using the sameHinode/ EIS data as in our present study, they
found substantial spectroscopic evidence for the presence of a
hot � ux rope in the NE section of the AR that formed during
� are FL1. Two distinct plasma components were identi� ed by
Syntelis et al.(2016), one at 1.6–2.5 MK (log10 T= 6.2–6.4 K)
and the other at 6.3–12.6 MK (log10 T= 6.8–7.1 K). The
hotter component contained regions of enhanced nonthermal
line broadening, relatively strong Doppler up� ow velocities,
and lower plasma densities. Collectively, these spectral
parameters are characteristic of hot� ux ropes.

2.3. Flare Ribbons

The lower solar atmosphere evolved in parallel with the
corona during con� ned � are FL1. Elongated bright ribbons
appear early in the rise phase of FL1; however, there is
evidence of pre� are heating at these locations in theSDO/ AIA
1600Å and 171Å passbands(see Figure1’s animation). At the
peak of the� are, two pairs of� are ribbons, R1–R2 and R3–R4,
are visible in theSDO/ AIA 1600Å passband in Figure2.
Ribbon pair R1–R2 is centered on the N–S aligned, near-
vertical section of the polarity inversion line(PIL; seeSDO’s
Helioseismic and Magnetic Imager—HMI; Scherrer et al.2012
—magnetogram in Figure1) in the NE and the second pair,
R3–R4, runs along the E–W aligned, horizontal segment of the
PIL in the SW of the AR. Ribbon pair R1–R2 appears
� 1 minutes before R3–R4. They are brightest at the� are peak
(12:37 UT in Figure2) and gradually decrease in intensity
during the decay phase.

There was continuous, low-level recon� guration of the
corona in the period between the two� ares when the main
activity shifted to the vicinity of the ribbon pair R3–R4 of � are
FL1, along the horizontal portion of the PIL. At 20:43 UT,
brightenings begin to reappear inSDO/ AIA 1600Å passband
in the NE section of the AR, while the main activity continues
in the SW (see Figure1’s animation). The ribbons have
faded in the NE by 21:06 UT, at the same time that FL2 begins
in the vicinity of the former ribbons R3–R4. We observe highly

Figure 1. Top panel:GOESsoft X-ray curve from 12:00 UT on 2012 March 6
to 00:00 on March 7 withHinode/ EIS raster times indicated by the dashed red
lines. Flare 1(M2.2) peaked at� 12:37 UT and Flare 2(M1.4) peaked at
� 21.12 UT. Bottom panel: clockwise from upper left:SDO/ HMI line-of-sight
(LOS) magnetogram,SDO/ AIA 1600Å, 94Å, and 171Å maps of AR 11429
at 12:39 on 2012 March 6 overplotted with theHinode/ EIS � eld of view
(dashed white box). The animation of the bottom panels begins at 11:44:44 and
ends at 22:29:44. Its duration is 28 s. Note that the cadence of the animation is
45 s for the� are periods but is 5 minutes from 14:00 UT to 20:15 UT.

(An animation of this� gure is available.)

Figure 2. Location of ribbon pairs R1–R2 and R3–R4 in SDO/ AIA 1600Å
image at 12:37 UT during� are FL1.
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Figure 3. Maps ofSDO/ HMI SHARP CEA continuum(left panel) and radial magnetic� eld, Br (right panel). The positive/ negative red/ blue radial magnetic� eld is
saturated at± 1500 G. Key� ux emergence episodes are labeled using red, blue, and green text(see continuum map at 02:58 on March 6). Footpoints of magnetic� ux
ropes 1 and 2(red and blue, respectively) in the continuum map at 12:34 on March 6 correspond to the NLFF extrapolation in Figure11 of Chintzoglou et al.(2015).
MFR1 is rooted in the sunspot umbrae in the north of AR 11429 whereas the footpoints of MFR2 are located further south in the quiet Sun. In the animation ofthis
� gure, the locations of IFIP-biased and photospheric plasma observed byHinode/ EIS are identi� ed with arrows. The video begins 2012 March 3 11:58:14 and ends
the same day at 23:58:14. The video duration is 9 s.

(An animation of this� gure is available.)
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packed ribbons over the magnetically complex horizontal PIL
during the rise phase. Activity continues in the central part of
the AR throughout the decay phase of FL2.

2.4. Magnetic Field Evolution

When AR 11429 rotated onto the disk on 2012 March 3, it
was already a mature sunspot group containing several umbrae
in a common penumbra. The magnetic structure of the AR was
bipolar, with an anti-Hale orientation for the N hemisphere
(Figure 3, continuum image at 22:10 UT on March 3). The

orientation of the bipolar� elds also deviated signi� cantly from
Joy’s law(Hale et al.1919). Over the next few days, major� ux
emergence took place along the AR’s inversion line, with the
opposite-polarity new� ux concentrations diverging at roughly
a right angle to the line connecting the pre-existing spots. By
March 6, the magnetic structure becameαβγ, with two–three
major bipoles still in emergence.

In Figure 3, second row from the top, the main emerging
bipoles are indicated with arrows of different colors. Since the
emerging� ux was highly sheared, the magnetic inversion line

Figure 4. Left to right:Hinode/ EIS Ar XIV 194.4Å and CaXIV 193.87Å intensity maps, ArXIV / CaXIV ratio maps without and withSDO/ HMI contours of± 500
(white/ purple), SDO/ AIA 1600Å and 94Å maps.(SDO/ AIA 94 Å maps are shown using reverse color table.) Top to bottom: observations are from 12:38 UT to
13:32 UT during� are FL1. The color bar scale shows the FIP effect as blue/ green, photospheric composition as orange, and IFIP effect as yellow. AllHinode/ EIS
maps are coaligned toSDO/ AIA and HMI maps at the times shown. Black vertical stripes indicate data drop out periods.
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